A study of the pore pressure fields that develop around intruding dikes is described under the motivation that intruded geometry may be determined from pore pressures recorded in relatively remote monitoring wells. The pore pressure fields induced around cylindrical and planar intrusions are described as analogues to moving point or line dislocations within an infinite saturated porous elastic medium. The resulting transient pressure fields reduce to an equivalent steady state when viewed from the advancing front. Solutions for the moving point and line dislocations yield a dependence on common dimensionless groupings. Thus, dimensionless pressure rise accompanying intrusion, and recorded at a static location, may be uniquely referenced to the dimensionless parameters representing emplacement velocity and time. The resulting transient pressure response may be divided into two groups, representing fast and slow emplacement. Where hydraulic parameters representing the host porous medium are known a priori, both emplacernent location and the cross-sectional area may be determined uniquely. For slow emplacement, the intrusion rate may also be determined; only a lower limiting intrusion rate may be discemed for fast emplacernent. Field data are rare, but two intrusive events at Krafla, Iceland are examined using the proposed moving dislocation models. Predicted location and lower limiting intrusion rate of the Krafla dikes compare favorably with field observation despite more than a 9 km separation to the monitoring well.
INTRODUCTION
Knowledge of the magma ascent rate is required for a proper understanding of volcanic systems and eruption processes and is important for eruption prediction [Kushiro, 1980; 1982; Ida and Kumazawa, 1986; Chadwick et al., 1988; Shimozuro, 1989] . Despite this significance, the determination of ascent rates has remained historically elusive, as few volcanoes are adequately instrumented to determine magma migration [Endo et al., 1990 ]. In the following, an appraisal is made of the suitability of using pore pressure increases to determine both the morphology and emplacement rate of magmatic intrusions.
Magmatic emplacement results in a sudden volumetric increase within the saturated medium [ Turcotte, 1990] , with secondary volumetric changes possibly resulting from thermal expansion within the saturated porous medium surrounding the intrusion [ Delaney, 1982; Watanabe, 1983] . Together, these processes result in an instantaneous change in pore fluid pressures around the location of emplacement. Although data documenting these processes are rare, two events at Krafla, Iceland have supplied relatively complete transient pore pressure records recorded in a single well. The rapid pressure rise and subsequent slow pressure drop measured in a single well at the Krafla geothermal site may be used to infer the path of magma ascent within the host rock. Indeed, if the processes describing changes in pore pressure that result from intrusion are sufficiently quantified, a surprising array of parameters describing dike morphology may be ascertained. The possibility of inferring dike morphology, from pore pressures recorded at a single location in the surrounding medium, is developed in the following.
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Undrained changes in pore pressure may be represented by the concept of a dilation center [Cleary, 1977] . For a migrating dilation center representing the continuous intrusion process, the resulting pore pressure field may be represented by a succession of dilation centers to reproduce appropriate boundary conditions. Boundary conditions at the interface between the intrusion and the host rock may be applied as either stress-free [ Cleary, 1978] or displacement conditions [Elsworth, 1991] , with the latter proving most convenient for this particular type of viscous intrusion. Consequently, moving point and line dislocations may be considered analogous to the bounding geometries of an intruded dike of finite extent. Pore pressure responses within the porous medium surrounding intruded line and sheet dikes are defined in the following as bounding cases. The insensitivity of the pore pressure response to prescribed geometry is apparent in the results.
POINT DISLOCATION IN A POROELASTIC MEDIUM
The pore pressure field that results from dilation of an infinitesimal cubic volume within a saturated porous elastic medium is available from Cleary [1977] . The point dilation is centered at the origin. The walls of the infinitesimal cube separate exterior and interior problem domains that may be considered independently. Applying an instantaneous but permanent hydrostatic expansion of the interior cube at time t--0 results in a volumetric change of "strength", Z. Considering the interior problem first, an arrangement of dipole forces are applied to the faces of the cubic volume to yield the required volume change, Z. The concurrent application of an equal but opposing set of forces to the surface of the exterior medium retains displacement continuity between the exterior and interior domains. The cubic region may be arbitrarily reduced to a point where, by definition, the magnitude of the applied dipole forces remain constant and the strength of the dislocation, Z, is also retained finite. This application of forces 
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Since the analysis in the exterior is linearly elastic, pore pressures generated by induced deviatoric total stresses are controlled by the Skempton A parameter, which for a linearly elastic body reduces to A=l/3 [Skempton, 1954] . In equation (1) induced pressures vanish as R -->oo and as t Magma intrusion may be represented as a displacement controlled process. If magma injection rate is prescribed as the primary boundary condition that controls intrusion, then it is more convenient to relate induced pore pressures directly to the dilation volume rather than via the indeterminate magnitude of the dipole strength, KZ. Total volume change, V, resulting from a dislocation at the origin is I
where the compressibility, m, of the saturated medium is recovered from the hydraulic diffusivity, c, intrinsic permeability, k, and fluid dynamic viscosity, g, as rn=k/(cg). Substituting equation ( representing the spherically symmetric pore pressure field.
Moving Point Dislocation
The point normal dislocation of equation (6) may be readily integrated in time and space to represent a moving or arrested dislocation [Elsworth, 1991] where the fluid and deformation fields of the linear system remain coupled throughout. For a moving dislocation the continuous dislocation volume, V, is replaced by a volumetric rate and integrated in time and space. to =500 for Uoxo_<10 -2 The asymptotic values of equations (25) 
Point Dislocation for Uo > 10 ø
The similarity between the curves in the postpeak pressure regime (Figures 5 and 6) is such that multiple matches may be made to yield matching pairs of Pt> and Uz>(tz>-tt•) for any fitted magnitude of Up. However, the behavior is such that the product Uz> (t-t p ), in units of time, is constant for any Uo.
An arbitrary match point may be chosen, the most convenient one being Uz> (tz>-tg)=10 ø. This enables the minimum distance to the measuring location, l, to be determined from
l=• Uo (t-t •' )4c (40)
where it is assumed that the hydraulic diffusivity, c, is known a priori. Although this is the most likely situation with hydraulic diffusivity determined from relatively simple field testing, in certain instances the intrusive geometry may be well defined, and diffusivity may be verified against equation ( Line Dislocation for Uo > 10 ø Similar to the response for the point dislocation, a single data set allows multiple fits due to the similarity in the response curves. All selected curves for Uz> possess a unique match point value of (t-P'), although the product Uz> (t-P') remains constant. The separation length between the dislocation and the measurement location may be evaluated from equation (40) respectively. These magnitudes are documented in Table 3 for comparison.
Event of July 10, 1978
In this event, distance measurements show that magma was emplaced as a dike in southem Gjb. stykki, roughly 10 km north of the borehole; surface widening in this zone was measured to be 1 m wide at the surface [Tryggvason, 1980] . The northern extent of magma has not been determined. The procedure for the September event may be repeated where the appropriate unambiguous match corresponds to Ut> (t-tt')=105 s for the line dislocation. From this the length separation, cross-sectional area, and minimtun dislocation velocity ranges are evaluated as 8792 to 12,437 m, 1.45 to 11.62 m 2, and 0.124 to 0.352 m/s, respectively. These evaluated parameters are summarized in Table 2 for both events. Notably, for this event, the separation length corresponds well with the reported separation between borehole KG-5 and the center of seismic activity at 9300 m, as reported by Sigurdsson [1982] . Once again, however, the cross-sectional area seems unreasonably small compared to any physically reasonable value for a dike kilometers long and one meter wide.
Although independent estimates of minimum advance rate, Umi•, are not available, the estimates presented in Table 2 appear plausible. The satisfactory agreement between predicted and measured response further suggests that a moving point dislocation provides, in some respects, an adequate physic•il representation of the process of dike emplacement.
Matching the data of this event with the model for a sheet dike yields, for Uo(to-tl•)=10 ø, (t-tr)=l.2x103 s. Using the same procedure as previously, the parmeters illusu'ated in Table 3 are obtained.
CONCLUSIONS
A theory is developed to represent the process of intrusion in a saturated porous elastic solid by a continuous moving point dislocation. The process is assumed to be displacement controlled and analogous to insertion of a continuous When plotted relative to time to peak pressure, the transient pressure response for a moving point dislocation exhibits separate families of behavior representing slow and fast intrusion. For slow intrusion the pressure transient record relative to time to peak is symmetrical, reflecting the nearspherical symmetry of the induced pressure bulb relative to the advancing dislocation front. As the dimensionless intrusive velocity is increased, the response develops an increasing asymmetry in both time and space (relative to the dislocation front). The pore pressure contours ahead of the front are compressed resulting in the pressure rise becoming considerably more rapid than the decay. This transition in behavior is observed as intrusion rate, UD, increases through unity isolating separate behaviors for UD < 10 -1 and UD > 10 ø. This mismatch is a result of the observed pore pressures being orders of magnitude smaller than those anticipated from the proposed theory. A number of explanations are possible, although none appear entirely satisfactory.
Since pore pressures are manually measured within the open annulus of a well, the volume compressibility of this measuring system may be sufficiently large to mask the true magnitude of the pore pressure rise. Pore pressure rise within the surrounding formation may be much higher than that transferred to the well through a rise in fluid level. This volume compressibility of the measuring system or wellbore storage effect is a plausible explanation for the mismatch. However, also associated with this mechanism would be an anticipated time lag in the pressure response resulting from the finite time taken for the pore pressures induced around the well to diffuse to the measuring well. The excellent match in intrusion rates and length to the dislocation suggests that the time history of the pore pressure response is not significantly affected.
Alternatively, the deficit in pore pressure magnitudes may result from the competing mechanisms of magma chamber deflation that accompany dike inflation. Pore pressure increases that result from dike emplacement may be countered by pore pressure decreases that result from concurrent deflation of a shallow magma chamber that is close to the measuring well. In this, the &flation and inflation components would, by definition, be simultaneous, with the net effect that the transient pore pressure response would be minimally shifted in time. An unattractive feature of this explanation, however, is that the magma chamber resides within the two phase reservoir through which pressure pulses are poorly transmitted.
The reservoir comprises imperfect elastic material, with fractures cutting the upper aquifer and sometimes passing into the overlying bed. The effect of this would be to enable pore pressure pulses in open fractures to dampen the total stress and pore pressure pulses. The effect of a cracked aquifer would reduce the total stress field magnitude at any arbitrary distance of the wellsite from the intrusion. The overall effect would be to induce pore pressures in the far field much lower than theoretical values, but not to greatly influence the time history of the pulse. Similarly, the presence of strain dependent modulii or modulus anisotropy in the aquifer rock mass, as a result of tectonic influences, may result in the effective dampening of the pore pressure pulse.
A final explanation of the mismatch in the pressure response may be the fact that the intrusions at Krafla were dikes obliquely oriented to the observation well and not cylindrical intrusions as assumed in the theory. The dikes had lengths on the order of 1 km and exhibited separation of about 1 m. Apparently, when such sheet-like features of limited length are viewed from a highly oblique position (nearly along strike), they can behave, in some respects, as if they were propagating point dislocations of relatively small effective cross-sectional area. The point volumetric dilation centers used in this analysis do not truthfully replicate the shear-stress-free conditions that may prevail at the interface between the viscous dike and the host rock. This shortcoming of the model is particularly apparent when the measuring location is oblique to the dislocation, as a zone of partial dilation is not adequately represented.
Despite the mismatch in measured and predicted pressure magnitudes, the separation distances and advance rates, calculated primarily from the pressure history data, appear eminently reasonable. The fidelity of the fit between measured and predicted responses is clearly encouraging.
